Abstract: Dynamic recrystallization (DRX) of Ti22Al25Nb alloy has been investigated based on the analysis of hot compression experimental data in this paper. The true stress-strain curves of Ti22Al25Nb can be divided into two types: the single-peak conventional dynamic recrystallization (CDRX) curves and the multi-peak discontinuous dynamic recrystallization (DDRX) curves. The multipeak curves indicate the alternate dominance of hardening mechanism and softening mechanism. A critical Zener-Hollomon parameter ln Z C has been proposed to divide CDRX from DDRX. The hardening rate and DRX volume fraction of CDRX and DDRX have been analyzed. In addition, the effect of the second-phase particle on the DRX has been studied. DRX process was enhanced by the second-phase particles, but the growth process of recrystallized grains was restrained.
Introduction
Ti2AlNb alloys, since they were found by Banerjee [1] , have been extensively studied by researchers [2] [3] [4] [5] [6] . Due to the high strength and the excellent creep and oxidation resistance [7] , these alloys have been widely used in high-temperature structural applications [8] [9] [10] . Differing from the conventional titanium alloys, the Ti2AlNb alloys mainly consist of different proportions of the body-centered-cubic (bcc) B2 phase matrix, the orthorhombic O phase and the close-packed hexagonal α 2 phase [11] . When deformed at the room temperature, Ti2AlNb alloys often exhibit poor properties because the α 2 /B2 and O/B2 grain boundaries provide crack initiation sites, which are detrimental to strength and elongation [12] [13] [14] . During the hot deformation, the appropriate α 2 /O vol pct can enhance the dynamic recrystallization (DRX) process [7] , then the properties of Ti2AlNb alloys can be greatly improved [15] [16] [17] .
DRX has been used widely to obtain the fine microstructure [18, 19] . During the DRX process, new dislocation-free grains will be formed within the deformed original structure, then grow and consume the old grains, which will result in a new microstructure with a low dislocation density. DRX, as well as work hardening (WH) and dynamic recovery (DRV), which lead to the microstructural evolution of deformed metals, can be directly reflected from the stress-strain curves. Mirzadeh et al. [20] modeled DRX process by the Johnson-MehlAvrami-Kolmogorov (JMAK) kinetics equation and proposed the dependence of DRX process on strain rate, deformation temperature and strain. Marchattiwar et al. [21] studied the kinetics of DRX during hot compression of 304 austenitic stainless steel and determined the progress of recrystallization fraction from the difference between the generated DRV curve and the experimental DRX curve. Liang Houquan et al. [18] investigated DRX behavior of Ti-5Al-5Mo-5V-1Cr-1Fe alloy and proposed a model to track the DRX process with strain. Sajadifar et al. [22] found that the occurrence of DRX could be determined through the flow stress curves, and the evolution of DRX grain structures could be accompanied by a considerable migration of grain boundaries.
The power dissipation efficiency map, used by many researchers, relates the hot deformation to the power dissipation. It represents how efficiently the power dissipated by microstructure evolution during the hot deformation. With the power dissipation efficiency map, the hot deformation behaviors of different metallic materials have been studied [23] [24] [25] . Sang Kyun Oh et al. [26] superimposed the instability map over the power dissipation map to build the processing map. With the processing map, the hot workability of AZ80 Mg alloy was optimized. Fengjun Zhu et al. [27] studied on the hot workability of homogenized 6069 Al alloy cast ingot via hot compression tests. The variation in microstructure was related to the variation in efficiency of power dissipation. They found that DRV was observed in regions associated with the intermediate efficiency of power dissipation, whereas partial DRX occurred in regions with high efficiency. Yu Cao et al. [28] focused on the hot deformation behaviors of H800 alloy. With the efficiency of power dissipation within the range of 35-48 %, H800 alloy exhibited a better workability in deformation temperature range from 975 to 1,100°C and strain rate from 0.01 to 0.3 s −1 . In this work, the hot compression tests of Ti22Al25Nb alloy under a wide range of deformation temperatures and strain rates have been performed. The effect of microstructural characteristic (such as the second-phase particles) and process parameters (the temperature and strain rate) on the DRX process have been studied. A critical Zener-Hollomon parameter has been proposed to divide conventional dynamic recrystallization (CDRX) from discontinuous dynamic recrystallization (DDRX). The hardening rate of DDRX has been analyzed. And the recrystallization fractions of CDRX and DDRX have been compared. The effect of the second-phase particle on the DRX has been investigated. All these studies are foundations for application of Ti22Al25Nb alloy.
Materials and experimental procedure
Ti22Al25Nb alloy is a kind of Ti-Al-Nb alloys, whose specific chemical composition is given in Table 1 . The phase fields of Ti22Al25Nb are: B2 > 1,060°C, 1,000°C < α 2 + B2 < 1,060°C, 975°C < O + α 2 + B2 < 1,000°C, 750°C < O + B2 < 975°C and O + β < 750°C [29] [30] [31] , which were verified by the metallographic method. Figure 1 illustrates the microstructure of the studied Ti22Al25Nb alloy before the hot compression experiment. The darkest phase is the α 2 phase, the lightest phase is B2 and the intermediate contrast phase is O. Note that the O + α 2 particles distribute uniformly within the B2 matrix.
Cylindrical specimens with a dimension of ∅8 × 12 mm were machined for tests. A series of isothermal compression tests corresponding to a high reduction of 50 % were conducted by using a Gleebe-1500 thermo simulation machine at five different temperatures (950, 980, 1,010, 1,030 and 1,050°C) and five different strain rates (0.001, 0.01, 0.1, 1 and 10 s −1 ). The temperature was controlled within ± 1°C. Before the experiment, a thermocouple was welded on the center surface of each specimen for accurate temperature control and a tantalum foil was placed between the specimen and anvil for the friction reduction. Each specimen was heated at a heating rate of 10°C/ s to the given deformation temperature and soaked for 3 min to obtain a uniform temperature distribution, then compressed isothermally. After the experiment, the specimen was quenched with water rapidly to preserve the instant microstructure. The specimen was then sectioned along the central axis. 
Experimental results and discussion
Flow stress-strain curves of Ti22Al25Nb
Flow stress-strain curves under all the experimental conditions are shown in Figure 2 . Note that the curves can be divided into two types: the blue CDRX curves and the red DDRX curves. Figure 3 shows the different deformation mechanisms of CDRX and DDRX. During the CDRX, the flow stress rapidly increases to the peak in the beginning because of the dislocation intersections and pileups. The DRV is too weak to overcome the WH mechanism, then DRX takes place and the flow stress starts to decrease slowly. When the competition between the hardening and softening mechanism achieves a balance, the flow stress maintains at a fairly constant level regardless of the increasing strain. During the DDRX, multiple peaks can be found due to the dominance of the hardening mechanism and softening mechanism. The multi-peak curves usually appear at the high strain rates and the low temperatures. Especially at the strain rates of 1-10 s −1 and the temperatures of 950-1,030°C, the multi-peak phenomenon is evident. During the deformation, the α 2 and O phases exhibit different slip characters, compared with some bcc phases. The bcc slip is wavy, but the planar slip is evident in α 2 and O phases [32] . Especially in α 2 phase, 
True strain True stress Figure 3 : Schematic of the two types of flow curves, which indicates that the CDRX curve is of single peak and DDRX curve is of multipeak.
predominant slip systems include 11 20 dislocations on the prismatic 10 10 f g plane, which are hardly observed on the basal or pyramidal planes [33] . The limited slip is expected to contribute to the increasing dislocation density leading to the WH. Moreover, the DRX can also be enhanced by the second-phase particles. Following the first DRX, the rapid deformation results in the fast dislocation accumulation. Meanwhile, the high strain rate deformation provides little time for the new recrystallized grains (re-grains) to grow up [34] . The new re-grains are distorted due to the continuous deformation. The rapid dislocation accumulation which results in a raise of the flow stress supplies a driving force for the next DRX. Hence, the alternate dominance of hardening mechanism and softening mechanism appears.
From Figure 2 , it can be found that the flow stressstrain curves of Ti22Al25Nb are significantly influenced by the thermal process factors (such as the temperature and strain rate). With the increasing temperature and decreasing strain rate, the multimodal curves become smooth. Hence, the Zener-Hollomon parameter that presents the effects of the temperature and strain rate is considered in the next section.
Constitutive model of Ti22Al25Nb
The constitutive model of the flow stress-strain curves of Ti22Al25Nb during hot deformation process can be characterized by hyperbolic sine law proposed by Sellar and Tegart [35] :
where _ ε is the strain rate (s −1 ), A, α, n are material constants, Q is the deformation activation energy (kJ mol −1 ), R is the universal gas constant (8.31 J mol
. The Zener-Hollomon parameter has been proposed to represent the effects of the temperature and strain rate:
Taking the logarithm transformation of both sides, eq. (2) can be given as
When the temperature keeps constant, taking the partial derivative of ln sinh ασ ð Þ ð Þin eq. (3), the stress exponent n can be defined as n =
When the strain rate is a constant, taking the partial derivative of 1=T,
. Thus, the deformation activation energy Q can be expressed as
Substituting the values of peak stress (σ p ), the curves of ∂ ln sinh ασ ð Þ ½ − ln _ ε and ∂ ln sinh ασ ð Þ ½ − 1 T × 10 3 can be obtained (see Figure 4) . From Figure 4 , we can obtain the value of n and Substituting the two values into eq. (4), the value of Q is equal to 556.74 kJ mol −1 . Then eq. (2) can be given as
By taking the logarithm transformation of both sides of eq. (5), the ln Z can be calculated.
The distribution trend of Zener-Hollomon parameter is shown in Figure 5 . The Zener-Hollomon parameter increases with the increasing strain rate and the decreasing temperature. Note that the Zener-Hollomon parameters of CDRX are relatively smaller than those of DDXR. A critical Zener-Hollomon parameter is obtained, which divides CDRX from DDRX. From Figure 5 , the critical value ln Z C is equal to 47.43. Hence, when Z ≤ Z C , the curve is CDRX with a single peak; when Z > Z C , the curve is DDRX with multiple peaks. When Z ≤ Z C , it corresponds to the low strain rate and the high temperature. The storage energy accumulated in the WH process provides driving force for the growth process of new regrains. Due to the slow strain rate, the re-grains have enough time to grow up. Meanwhile, the migration of grain boundaries can easily occur. In the end of the deformation, the original grains will be replaced by the re-grains completely. Additionally, with the increasing Zener-Hollomon parameter, the size of the re-grains will decrease [36] , which can be estimated by ln Z,
, where d is the average re-grain size, k and b are material constants. When Z > Z C , it corresponds to the high strain rate and the low temperature. Due to the fast deformation, the original boundaries will be broken, which provides more nuclei for the regrains. Meanwhile, the dislocation storage is faster than the dislocation annihilation, which will lead to the high dislocation density in the subgrains. The low different dislocation density between the subgrains and the matrix results in the slow grain boundary mobility. The re-grains are hard to grow up and partial re-grains will be deflated.
Discontinuous softening mechanism and DDRX
The hardening rate (θ = dσ=dε) at the temperature of 1,030°C is shown in Figure 6 (a). In the beginning of the deformation process, the WH mechanisms, such as dislocation intersections and pileups [18, 38] , lead to the positive θ value. The softening mechanism is hard to overcome the WH. With the continuous deformation, the DRX takes place, resulting in the decreasing θ value. When the DRX becomes the dominant deformation mechanism, the θ value falls to negative. It can be found that the DRX mechanism of Ti22Al25Nb is significantly influenced by the strain rate at a given temperature. At the low strain rate (0.001 and 0.01 s −1 ), the specimen exhibited the normal hardening rate curve. At the high strain rate (0.1, 1 and 10 s ), the hardening rate curve of DDRX can be divided into multiple stages (see Figure 6(b) ). When the DRX dominated the deformation mechanism instead of WH, the θ changed from positive to negative. Afterward, the continuous deformation at high strain rate led to the rapid dislocation accumulation and the distortion of the new re-grains. When the softening mechanism was too weak to overcome the hardening mechanism, the θ increased to the positive value. The above process repeated several times, which is different from that of CDRX.
Figures 7 and 8 illustrate the typical microstructures of Ti22Al25Nb alloys compressed at the high strain rate and low strain rate, respectively, at 1,030°C. In Figure 7 , the black lines highlight the original grains. It is noted that the original grain boundaries did not disappear and numbers of small re-grains nucleated along the original grain boundaries. Furthermore, the faster the strain rate was, the more re-grains could be observed. The rapid hot deformation led to the fast dislocation accumulation which was hardly weakened by the slow dislocation annihilation. The fast dislocation accumulation provided enough driving force for the DRX nucleation. When the dislocation density reached a critical level, the DRX took place and some new re-grains appeared, which resulted in the temporary decreasing of stress. Then the original big grains and some re-grains were elongated by the rapid continuous deformation which accelerated a new WH. Figure 8 shows the microstructures of the specimens deformed at the strain rate of 0.01 and 0.001 s −1 . The Ti22Al25Nb alloys underwent the conventional hardening and softening process (see the inset of Figure 6(a) ). During the slow deformation, the new re-grains grew up gradually. Eventually, the original grains were entirely replaced with the grown re-grains, then a equiaxed microstructure was formed. The differences of volume fraction curves between CDRX and DDRX are shown in Figure 9 fraction curve of CDRX under the condition of 1,030°C and 0.001 s −1 is a normal S-curve, which increases with the increasing strain rate (blue curve in Figure 9 ). During the low strain rate deformation, the specimen underwent a stable DRX process. The slow deformation process provided enough time for the re-grains to nucleate and grow. Finally, the volume fraction of DRX reached 100 %, which indicated the complete occurrence of CDRX. The volume fraction curve of DDRX under the condition of 1,030°C and 10 s −1 (red curve in Figure 9 ) is a wave-shaped one, which displays rise-decline-rise property. The ascendant line indicates the DRX process, while the descendant line represents the second and third WH processes. In the declining part of the curve, the hardening rate θ changed from negative to positive and the flow stress increased. In the end, the original grains were not replaced in the material. Hence, the final volume fraction of DDRX is lower than that of CDRX.
Effect of second-phase particles on the DRX
During the hot deformation process, the effect of secondphase particles on the DRX is obvious. Figure 10 illustrates the microstructure evolution at the low strain rate of 0.001 s −1 . At the temperature of 950°C (in the O + α 2 + B2 phase field), O and α 2 particles distributed uniformly within the B2 matrix (see Figure 10 (a)). When deformed at the low strain rate, the re-grains were inclined to nucleate at the original boundary or near the second-phase particles. Additionally, the grain boundary migration was restrained by the second-phase particles (indicated by the black arrows). In the end, a microstructure of fine re-grains was obtained. At the temperature of 1,010°C (in the α 2 + B2 phase field), partial O particles dissolved, and the volume fraction of second-phase particles decreased (see Figure 10(b) ). Note that when the distance between particles was short, the new re-grains were restrained growing. In the area where the particles distribute sparsely, some grown re-grains are observed. When the temperature rose to 1,050°C (close to the B2-transus), the pinning force of the second-phase particles was too weak to hold the grain boundaries (see Figure 10 (c)). Then the grains grew up gradually, whose average size increased to 78 μm. Figure 11 shows the relationships between the microstructural parameters and the temperature at the strain rate of 0.001 s −1 . With the increasing temperature, the pinning force of the second-phase particles on the grain boundary decreased, which resulted in final coarse equiaxed grains. Figure 12 illustrates the microstructure evolution at the high strain rate of 1 s −1 . At the temperature of 950°C, there are many α 2 /O phases precipitated in the B2 matrix (see Figure 12(a) ). On the one hand, dislocations piled up around the second-phase particles at the high strain rate, which would lead to the WH process. On the other hand, due to the differences of plasticity and elasticity between the matrix and second-phase particles, the local lattice distortion occurred close to the phase interfaces. Hence, the DRX would easily take place in this high dislocation density area. Lots of recrystallized nuclei were found around the second-phase particles, while few of re-grains can be observed, which indicates the high nucleation rate and the low growth rate of DDRX. At the temperature of 1,010°C, some second-phase particles dissolved. Partial re-grains are found nearby the second-phase particles. Meanwhile, the serrated original boundaries indicated the nucleation of the other part of re-grains (see Figure 12 (b)). When the temperature reached 1,050°C, the volume fraction of second-phase particle was less than 1 % (see Figure 11) . Thus, the effect of secondphase particle on the DRX can be disregarded. In Figure 12 (c), the re-grains mainly nucleated along the boundaries. The driving force for the DRX was only supported by the dislocation accumulation within the matrix and the re-grains. Through above comparison and analysis, under the condition of the high strain rate, the second-phase particles have an important impact on the DDRX process. When more second-phase particles precipitated in the matrix, the DDRX process would be enhanced. It is agreed with the change trend of the flow stress-strain curves in Figure 2 that the multi-peak phenomenon is more notable at the low temperature.
Power dissipation efficiency map
The dynamic material modeling (DMM), which was developed by Prasad et al. [39] , is an effective method to correlate the workability with the thermomechanical parameters based on the irreversible thermodynamics, continuum mechanics and physical systems simulation. Based on DMM, the specimen undergoing high-temperature deformation can be considered as power dissipation with the assumption that the workpiece and the whole deformation system act as a closed adiabatic system. The total power dissipation (P) during hot deformation can be divided into two parts: the power dissipated by plastic deformation (G) and the power dissipated by microstructure evolution (J), which can be defined as
The power dissipation efficiency η represents how efficiently the power was dissipated by microstructure evolution, which is a function of the strain rate sensitivity m:
where m is the strain rate sensitivity, m = dJ=dG = ∂ ln σ ð Þ=∂ ln _ ε ð Þ. The power dissipation map can be established by the values of η at different temperatures and strain rates at a given strain.
The power dissipation efficiency map for hot deformation process of Ti22Al25Nb alloy at the strain of 0.7 is displayed in Figure 13 . In general, the power efficiency is higher in the CDRX domain. The higher power dissipation efficiency indicates that more power are consumed by microstructure evolution. DRX behavior has been considered as an energy-cost process, owing to the new grain nucleation and boundary migration. Due to the complete DRX behavior, the power dissipation efficiency of the material exhibits a high value during the CDRX process, which is agreed with the previous works [38] . During the DDRX process, more power will be dissipated by the plastic deformation. As a result, the power dissipation efficiency is lower than that of CDRX. The lower power dissipation efficiency indicates the incomplete DRX process and the low DRX volume fraction. The power dissipation efficiency map gives an excellent match with the microstructure evolution which has been shown above.
Conclusion
The DRX of Ti22Al25Nb alloy has been studied under wide ranges of forming temperatures and strain rates and these conclusions could be drawn as follows: 1. The true stress-strain curves of Ti22Al25Nb can be divided into two types: the CDRX curve and DDRX curve. A critical Zener-Hollomon parameter Z C has been proposed. When Z ≤ Z C , the curve is CDRX which has a single peak. The DRX may occur completely and the original grains will be replaced by the new re-grains; when Z > Z C , the curve is DDRX which has multiple peaks. The re-grains are hard to grow up, especially at the low temperature and high strain rate. 2. Multiple alternate dominance of hardening and softening mechanisms can be reflected by the hardening rate curves of DDRX. When the DRX dominates the deformation mechanism, the value of θ changes from positive to negative. With the rapid continuous deformation, the softening mechanism is too weak to overcome the hardening mechanism and θ increases to the positive value. 3. The volume fraction of CDRX is a normal S-curve and the volume fraction of DDRX is a wave-shaped curve, which displays rise-decline-rise property. The final recrystallization fraction of the CDRX microstructure is higher than that of the fully equiaxed DDRX microstructure. 4. The effect of second-phase particles on the DRX is obvious. With the increasing temperature, the volume fraction of second-phase particles reduces and the size of final equiaxed grains increases. 5. The power dissipation efficiency map for hot deformation process of Ti22Al25Nb alloy at the strain of 0.7 has been established, which matches with the microstructure evolution.
